species may have occurred in the past. Our study provides the first integrated Among the novel parvovirus groups identified via sequencing, one -5 provisionally labeled 'chapparvovirus' -stands out as being particularly 6 unusual. These viruses, which have been primarily reported via metagenomic 7 sequencing of animal feces, derive their name from an acronym (CHAP), 8 referring to the host groups in which they were first identified Avian-Porcine) (15, 16, 19, 20) . Subsequently several additional 10 chapparvovirus sequences have been reported, including some that were 11 identified in whole genome sequence (WGS) data derived from vertebrates, 12 including reptiles, mammals, and birds (9). These sequences were picked up 13 by in silico screens designed to detect EPV. However, since all the 14 chapparvovirus sequences identified in WGS data lack clear evidence of 15 genomic integration, it is thought likely that they actually derive from infectious 16 chapparvovirus genomes that contaminated WGS samples, rather than from 17 EPVs (9).
18
Until relatively recently, evidence that the chapparvoviruses detected 19 via sequencing actually infect vertebrate hosts has been lacking. However, a 20 recent study has claimed to demonstrate that a chapparvovirus called 'mouse 21 kidney parvovirus' (MKPV) circulates among laboratory mice populations, in 22 which it causes a kidney disease known as 'inclusion body nephropathy ' (21) . 23 These findings imply that chapparvoviruses represent a potential disease 24 threat to humans and domestic species. In addition, they have raised interest 25 in the use of these viruses as experimental tools. 26 In this study, we perform comparative analysis of ChPV genomes and 27 ChPV-derived EPVs, revealing new insights into the biology and evolution of 28 this poorly understood group.
1

RESULTS
2
Identification and characterization of novel chapparvovirus sequences 3 We systematically screened published WGS data and identified a total 4 of fifteen previously unreported, chapparvovirus-derived DNA sequences. 5 Two were identified in vertebrates and thirteen in invertebrates ( Table 1) We used phylogenetic approaches to reconstruct the evolutionary 22 relationships of newly identified chapparvovirus sequences to previously 23 reported parvoviruses. We reconstructed evolutionary relationships using 24 maximum likelihood-based approaches and an alignment spanning the 25 tripartite helicase domain of the NS protein (Figure 3a) . Strikingly, 26 reconstructions indicated that the family Parvoviridae four major clades, rather 27 than the two that have historically been recognised (1 
20
Monophyly of the beetle EPVs is robustly supported (Figure 3b) .
22
Comparative analysis of previously reported chapparvovirus genomes 23 We performed comparative analysis of nine previously sequenced 24 ChPV genomes so that we might: (i) identify genome features that 25 characterise these viruses, and (ii) make inferences about aspects of ChPV 
Characterization of chapparvovirus-derived EPVs in invertebrate genomes
1 Via screening of WGS data derived from invertebrate species, we 2 identified a total of 13 EPV sequences that disclosed a relatively close 3 phylogenetic relationship to ChPVs. These elements showed varying degrees 4 of degradation (Figure 1) . In many cases only genome fragments were 5 detected, and these usually included numerous nonsense mutations (Table   6 1). ChPV-derived elements were detected in three major arthropod clades 7 that primarily occupy terrestrial habitats, namely arachnids of Chelicerata, 8 chilopods of Myriapoda, as well as hexapod insects and entognaths. animal genomes (13, 14, 17, 25, 26 
